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Abstract: 
Both stress during development and response to directional selection were proposed to lead to reduced 
developmental stability of an organism, commonly measured as fluctuating asymmetry. Here, we 
investigated the direct physiological (plastic) effect of larval malnutrition and the effect of 
evolutionary adaptation to this form of stress on developmental stability, measured as fluctuating 
asymmetry of several wing measurements. The measurements were made on female Drosophila 
melanogaster from populations which, in the course of 84 generations of experimental evolution, 
adapted to malnutrition and from non-adapted controls, raised either under standard conditions or 
under nutritional stress. We detected no changes in the levels of fluctuating asymmetry as neither a 
plastic nor an evolutionary response. Thus, neither nutritional stress within lifetime nor directional 
selection it imposes seems to affect developmental stability in flies.  
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1. INTRODUCTION 
Many functions of an animal organism (such as locomotion or feeding) rely on precise morphology. 
Therefore evolution is thought to have favoured specific mechanisms that buffer the developing 
organism against environmental disturbances, mutations, and random events during development 
(developmental noise); a phenomenon referred to as canalization or developmental stability 
(Waddington, 1942; Maynard Smith et al., 1985; Scharloo, 1991; Wagner, Booth & Bagheri-
Chaichian, 1997; Flatt, 2005; Van Dongen, 2006). Developmental stability is often quantified in terms 
of fluctuating asymmetry, i.e., deviation of paired morphological structures from perfect bilateral 
symmetry. This is based on the notion that the development of left and right sides of such paired 
structures is controlled by the same genetic and developmental program (Whitlock, 1996), and that 
asymmetry results from to the inability of the organism to buffer development against local 
disturbances and developmental noise (Van Valen, 1962). Thus, a higher developmental stability 
would be manifested as lower fluctuating asymmetry (Badyaev, Foresman & Fernandes, 2000; Van 
Dongen, 2006). 
In this study we ask how nutritional stress experienced during larval development affects fluctuating 
asymmetry in Drosophila melanogaster, and how fluctuating asymmetry changes as a result of over 
80 generations of experimental evolutionary adaptation to the nutritional stress conditions.  
It has been proposed that different forms of stress reduce developmental stability and thus increase 
fluctuating asymmetry. However, while some empirical studies support this claim, evidence for 
generality of fluctuating asymmetry as an indicator of stress experienced during development is 
equivocal (Palmer & Strobeck, 1986; Parsons, 1992; Van Dongen, 2006). Juvenile malnutrition is a 
common form of stress which directly affects growth and development, and thus may be particularly 
likely to affect developmental stability (Nosil & Reimchen, 2001; Gronkjaer & Sand, 2003; 
Vishalakshi & Singh, 2008). The effect of nutritional stress during development on fluctuating 
asymmetry has been addressed in a range of organisms, including plants (Black-Samuelsson & 
Andersson, 2003), insects (Breuker & Brakefield, 2003; Stige, Hessen & Vollestad, 2004), fishes 
(Somarakis et al., 1997; Gronkjaer & Sand, 2003), birds (Searcy, Peters & Nowicki, 2004; 
Pravosudov & Kitaysky, 2006; Sillanpaa, Salminen & Eeva, 2010) and mammals (Sciulli et al., 1979; 
Badyaev et al., 2000). While some studies suggest that development under nutritional stress gives rise 
to individuals with higher fluctuating asymmetry (Swaddle & Witter, 1994; Pravosudov & Kitaysky, 
2006; Sillanpaa et al., 2010), other studies demonstrate that fluctuating asymmetry remains unaffected 
by nutritional stress (Bjorksten et al., 2000; Gronkjaer & Sand, 2003; Searcy et al., 2004; Stige et al., 
2004). However, we are not aware of any study that has reported a decrease in fluctuating asymmetry 
in response to nutritional stress. In Drosophila, one study (Imasheva, Bosenko & Bubli, 1999) 
reported that D. melanogaster reared on food which was extremely poor in nutrition (extremely low-
yeast-sugar diet) showed increased fluctuating asymmetry for three bilateral traits (wing length, 
sternopleural chaeta number and arista branch number). In contrast (Vishalakshi & Singh, 2008) 
found no effect of larval nutrition (low-yeast diet) on fluctuating asymmetry of five bilateral traits 
(wing length, sternopleural bristle number, wing-thorax ratio, ovariole number in females and sex 
comb teeth number in males) in D.ananassae. However, that study reported greater fluctuating 
asymmetry for the same traits under larval crowding, which leads not only to nutritional stress but 
also exposure to increased levels of toxic waste products. Another study (Woods et al., 2002) 
similarly found no difference in levels of fluctuating asymmetry of five bilateral traits (wing length, 
wing width, orbital bristle number, sternopleural bristle number and cross-vein length) when 
D.melanogaster reared under low-yeast and high-ethanol conditions where compared to unstressed 
controls. Thus, the plastic effect of both the intensity and type of nutritional stress on developmental 
stability seems to be unclear. Furthermore, the effect of adaption to this kind of environmental stress 
on developmental stability remains unknown.   
While developmental stability is thought to have evolved under long-term stabilizing selection, the 
degree of developmental stability may also undergo short-term evolutionary changes. In particular, 
strong directional selection has been predicted to reduce developmental stability, because it disrupts 
gene regulatory networks and possibly favours mechanisms which increase phenotypic variation 
(Clarke & Mckensie, 1987; Rice, 1998; Kawecki, 2000; Hermisson & Wagner, 2004). Other proposed 
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mechanisms include a genetic correlation between the expression of a trait and its sensitivity to 
developmental noise (Gavrilets & Hastings, 1994), and a trade-off between growth rate and regulatory 
processes during ontogeny (Calow, 1982; Arendt, 1997). Finally, long-term directional selection is 
likely to lead to homozygosity at loci affecting the trait and a general increase in homozygosity 
(inbreeding) due to the effect of selection on the effective population size; both were proposed to have 
adverse effects on developmental stability (Soule, 1967; Leamy, 1986; Pertoldi et al., 2006). The 
studies supporting and contradicting these four hypothesis linking developmental stability and 
directional selection have been reviewed in (Pelabon et al., 2006). Bidirectional selection of 
D.ananassae for body size has been shown to increase the levels of fluctuating asymmetry 
(Vishalakshi & Singh, 2009). Another bidirectional selection study on wing shape failed to support 
the hypothesis linking directional selection and developmental stability (Pelabon et al., 2006). 
Similarly, artificial selection of D.melanogaster for faster development did not affect fluctuating 
asymmetry (Shakarad et al., 2001).  
In this study we aimed to investigate simultaneously the direct physiological (plastic) effect of larval 
malnutrition and the effect of evolutionary adaptation to this form of stress on developmental stability 
(measured as the fluctuating asymmetry of several wing measurements) in D.melanogaster.  We used 
flies from six replicate D.melanogaster populations subject to experimental evolution under larval 
nutritional stress, along with six unselected control populations (Kolss et al., 2009), reared under both 
optimal (standard food) and stressful (poor food) conditions. The nutritional stress involved rearing 
larvae on a poor food, on which control flies take 70 % longer to develop from egg to adult, show 20 
% lower viability, and emerge at half the body weight of flies maintained on standard food. 
Adaptation to malnutrition in these selected populations included increased egg to adult viability, the 
evolution of faster growth on poor food, smaller body size and faster development, the latter at least in 
part resulting from a cut-off on developmental period imposed during selection (Kolss et al., 2009). 
We concentrate on the wing because wing asymmetry may affect aerodynamic performance and 
hence in nature more likely selected against than e.g. asymmetry of bristle numbers. Furthermore, we 
have found plastic and evolutionary reduction of wing size in response to poor larval food 
(Vijendravarma, Narasimha & Kawecki, 2011).  
If nutritional stress indeed led to reduced developmental stability then we would predict the control 
populations to exhibit higher fluctuating asymmetry when reared on poor food in comparison to those 
reared on standard food. Furthermore, if directional selection for tolerance to nutritional stress 
reduced developmental stability, one would expect the selected populations to exhibit higher 
fluctuating asymmetry than control populations, both when reared on standard and on poor food. 
Alternatively, as a consequence of the experimental adaptation, the poor food conditions may have 
become less stressful for the selected than for the control populations. If so, and if nutritional stress 
increases fluctuating asymmetry, the selected flies would exhibit lower levels of fluctuating 
asymmetry than control flies when reared on poor food, but not when reared on standard food.  
 
2. MATERIAL AND METHODS 
Six populations had been selected for tolerance to chronic larval malnutrition by being maintained on 
poor larval food for 84 generation; six control populations had been maintained on standard food (15 
g agar, 30 g sucrose, 60 g glucose, 12.5 g dry yeast, 50 g cornmeal, 0.5 g MgSO4, 0.5 g CaCl2, 30 ml 
ethanol, 6 ml propionic acid, and 1 g nipagin per litre of water). All 12 populations were derived from 
a single outbred base population (Kolss et al., 2009). Prior to the assays, all populations were reared 
for two generations on standard food.  
The flies thus raised were allowed to mate for two days and then allowed to oviposit overnight. Two 
vials with standard food and two with poor food (containing ¼ of the amounts of sugars, yeast and 
cornmeal of the standard food) were set up per population, each seeded with 200 eggs, and incubated 
at 25ºC and 70% humidity. Five females per vial (10 flies per population) were collected randomly 
fifteen days later, although only ~40-60 % flies had emerged on poor food. Flies were only collected 
until day 15 to mimic the conditions imposed during selection. The right and left wing of each fly was 
dissected and mounted on a glass slide in lactic acid/ethanol (6:5) (Trotta et al., 2007), photographed 
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at 40× magnification. We thus measured 60 wing pairs per regime x food treatment, i.e. 240 pairs of 
wings in total. The design thus consisted of two main factors: past selection regime (selected vs. 
control) and current food treatment (standard vs. poor), with replicate populations nested in selected 
regime and two replicate vials per population × food combination. 
Four wing parameters were measured for each wing to the nearest micrometer (figure 1) using ImageJ 
(Abramoff, Magelhaes & Ram, 2004): (1) Length A (wing length); (2) Length B (wing width); (3) 
Length C (distance between the vein tips); (4) Wing Area, (estimated by tracing the outline of each 
wing and measuring the area of the resulting polygon). These measurements were taken 
independently twice by two different experimenters. The different linear measurement would 
potentially reflect the fluctuating asymmetry of different aspects of wing cell proliferation and 
growth. Furthermore, we used the ratio of Length A and Length B as the fifth trait; a composite index 
of wing shape roughly corresponding to the length/width ratio. 
Statistical analysis 
JMP v.7.0 was used for all analysis, and we used the specification for expected mean squares on 
mixed model ANOVA implemented in this software (it follows the SAS model of Ayres & Thomas, 
1990). A separate analysis was performed for each of the five traits.  
Effects on trait means. We first analyzed the effects of poor nutrition during larval development and 
of the selection regime on the mean values of the five wing traits. To simplify this analysis, we first 
calculated for each trait and individual the average of the four measurements (left and right wing, each 
measured twice). Values thus obtained were analyzed with a mixed-model ANOVA. The model 
included selection regime, food and regime × food interaction as fixed factors; the random factors 
were population (nested within regime), food × population (nested within regime), and vial (nested 
within regime, population and food).  
Measurement error versus directional and fluctuating asymmetry. Subsequently, following the 
recommendations of Palmer & Strobeck (1986), we carried preliminary analyses aiming test for 
directional asymmetry, to estimate measurement error and test if it is small enough for non-directional 
asymmetry (i.e, fluctuating asymmetry + antisymmetry) to be reliably detected, and if antisymmetry 
significantly contributes to non-directional symmetry. All individuals were pooled for this analysis 
(i.e. differences between selection regimes and food treatments and variation among populations are 
absorbed in the variation among individuals). The original four measurements for each trait (left and 
right wing each measured independently by two experimenters) were examined using a mixed-model 
ANOVA with sides (left vs right) and the experimenter as  fixed factors, and individual and individual 
× side interaction as random factors (Palmer & Strobeck, 1986). The main effect of experimenter 
accounts for a systematic bias due to experimenter (e.g., if one person consistently tends to take 
greater measurements than the other), the main effect of side corresponds to directional asymmetry, 
which is defined as a general tendency of asymmetry towards one direction (Van Dongen, 2006). The 
individual × side interaction represents fluctuating asymmetry (plus potential contribution from 
antisymmetry); if significant, it indicates that non-directional asymmetry can be detected over the 
measurement error (Palmer & Strobeck, 1986). The residual variance in this analysis gives an 
estimate of the measurement error. The model initially also included the experimenter × side 
interaction, but this factor never approached significance and so was excluded from the model.  
Antisymmetry (whereby the development "aims" at producing asymmetry in a random direction) may 
inflate measurements of fluctuating asymmetry (Palmer & Strobeck, 1986). While under fluctuating 
asymmetry the signed differences between corresponding measurements on the right and left side (R – 
L) should be normally distributed, antisymmetry would tend to make this distribution platycurtic, or 
in an extreme case bimodal. Therefore, following the recommendation of Palmer & Strobeck (1986) 
we used the Shapiro-Wilk test to test for deviations of signed R – L values from normality; this was 
done for each trait × treatment combination using values of individual asymmetry (signed difference). 
Effects on fluctuating asymmetry. To quantify fluctuating asymmetry, we chose two of the several 
indices described by Palmer & Strobeck (1986), FA4 and FA 6, both based on variance of signed 
difference between right (R) and left (L) side. FA4 = var(R - L) estimates the variance of the absolute 
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signed difference between right (R) and left (L) side measurements, while FA6 = var[2(R-L)/ (R+L)] 
is the variance of the difference relative to the trait size of each individual. The latter measure takes 
into account that the magnitude of developmental errors is expected to increase with the size of the 
morphological structure; being dimensionless, it can be compared among traits. These indices have 
been widely used in fluctuating asymmetry studies, and in contrast to indices based on unsigned 
difference between right and left side, are not affected by existence directional asymmetry (reviewed 
by Palmer & Strobeck, 1986). 
We estimated FA4 and FA6 for each population × treatment × trait combination. To test for 
differences in these variance-based fluctuating asymmetry indexes we followed Palmer and Strobeck's 
(1986) recommendation to use Scheffe's Box approach. This approach involves calculating the 
fluctuating asymmetry index values for replicate subsamples, log-transforming them, and subjecting 
to analysis of variance (Sokal & Rohlf, 1995 p. 403). In our cases replication was provided by the 
selection populations. Thus, the FA4 and FA6 index values for each of 24 population × food 
combinations were log-transformed and used as response variables in an ANOVA, with regime and 
food as fixed factors and populations nested within the regime as a random factor. This analysis thus 
tests for systematic differences in fluctuating asymmetry between selection regimes and food 




Effects on trait means. Both the selection regime and the food treatment affected the means of all five 
wing traits, although for Length A the effect of food was only marginally significant (Table 1). The 
selected populations had evolved smaller wings (in terms of area and the three linear measurements) 
than the control populations, irrespective of the food treatment (Figure 2). These wing measurements 
were also smaller for flies of both selection regimes when raised under the poor food treatment than 
when raised on standard food (Table 1, Figure 2). Both control and selected populations had a larger 
Ratio A/B (a simple index of wing shape) when reared on poor food than when reared on standard 
food (Figure 2): the nutritional stress induced proportionally narrower wings as a plastic response. 
The effect of selection on the Ratio A/B was parallel to this plastic response: the selected lines 
showed a greater Ratio A/B (Figure 2). The replicate populations within each regime did not vary 
significantly for any trait, nor was there any vial effect detected (Table 1).  
Measurement error versus directional and fluctuating asymmetry. The magnitude of measurement 
error was assessed by a mixed-model ANOVA for each trait with sides (left or right) and 
experimenter (the person measuring) as fixed factors and individuals (combined across all treatments) 
as a random factor. The interaction between the sides and individuals was highly significant for all 
five traits examined (Length A: F239, 480=7.83, p<0.001; Length B: F239, 480=5.0, p<0.001; Length C: 
F239, 480=3.84, p<0.001; Wing Area: F239, 480=3.33, p<0.001; Ratio A/B: F239, 480=4.9, p<0.001). This 
indicates that non-directional asymmetry (fluctuating asymmetry + potential antisymmetry) was 
greater than the measurement error. The measurement error estimated as the residual variance in this 
analysis only accounted for a small fraction of total variance for the four directly taken measurements 
(Length A: error variance = 2 × 10-5, or 0.4 % of total variance; Length B: 2 × 10-5 or 0.9 %; Length 
C:  4 × 10-5 or 1.9 %; Wing Area: 4 × 10-5 or 0.6 %). The measurement error for Ratio A/B constituted 
a greater fraction of total variance than in the case of the other traits (1.1 × 10-4 or 7.7 % of total 
variance), largely because the total variance for this trait was smaller (Length A and Length B were 
positively correlated). In the absence of true fluctuating asymmetry the index FA4 should be equal to 
twice the error variance; the actual estimates of FA4 were one order of magnitude greater for the 
Ratio A/B, and at least two orders of magnitude greater for the other traits (Fig. 3a). Measurements 
taken by the two experimenters differed systematically by 0.07-0.17 % for Length A (F1, 479=8.0, 
p=0.005), Length B (F1, 479=9.81, p=0.002) and Wing Area (F1, 479=7.6, p=0.006). However, the effect 
of the experimenter does not bias the fluctuating asymmetry indices used here (both experimenters 
measured each wing; furthermore, experimenter × side interaction was not significant). 
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The above ANOVA was further used to test for directional asymmetry. Slight directional asymmetry 
was detected for Length A (0.16% of the mean trait size; F1, 239=4.73, p=0.031) and for Wing Area 
(0.64%; F1, 239=33.57, p<0.0001), but not for Length B (F1, 239=0.41, p=0.52), Length C (F1, 239=0.37, 
p=0.54) and Ratio A/B (F1, 239=0.97, p=0.33). Directional asymmetry does not affect the indices of 
fluctuating asymmetry used in our study (Palmer & Strobeck, 1986).  
Effects on fluctuating asymmetry. We found no effect of selection regime or food treatment on either 
index of fluctuating asymmetry (FA4 and FA6) for any of the five wing traits (Figure 3 a, b, Table 2). 
Nonetheless, the selected populations raised on poor food tended to show greater fluctuating 
asymmetry than the other three combinations of selection history and food treatment. Furthermore, the 
selected populations raised on poor food showed significantly negative kurtosis (i.e., platykurtic 
distribution) of the signed differences between the left and right wing from zero (P < 0.05, Shapiro-
Wilk test) for traits Length A, Length B, Length C and Wing Area. No kurtosis was detected for any 
trait among other combinations of selection regime and food treatment. Inspection of the data revealed 
that the kurtosis observed in selected populations raised on poor food could be attributed to five 
highly asymmetric individuals within two replicate populations in this treatment. The measurements 
on the images of these wings were reconfirmed and the asymmetry in these individuals was found to 
be three standard deviations greater than the mean asymmetry of the flies within this treatment. We 
therefore repeated the analysis after removing these five outliers. However, to be conservative, we 
also excluded data of five individuals with highest asymmetry from the other three treatments. The 
trend for higher fluctuating asymmetry in selected flies on poor food disappeared in this reduced data 
set (see figure 3 c); the analysis using this data set (Table 2) again indicated no significant effects on 
fluctuating asymmetry.  
 
4. DISCUSSION 
Larval malnutrition had a significant effect on all wing traits measured in this study at both plastic and 
evolutionary level. When raised on poor larval food, both control and selected populations had 
smaller wings than when raised on standard food. Furthermore, the control populations had larger 
wing measurements than the selected populations on both foods. Similar results were previously 
found for wing area (Vijendravarma et al., 2011), although in that study the difference in wing area 
between the selection regimes was only significant on standard food. The effect of food on wing area 
in the present study tends to be smaller than in Vijendravarma et al. (2011). This is probably because 
only flies emerging until day 15 were assayed here; late emerging flies on poor food were thus not 
included in the sample, and within populations the late emerging adults tend to be somewhat smaller 
(Gebhardt & Stearns, 1993). These caveats notwithstanding, our results demonstrate that the wing 
traits studied here show plasticity in response to the nutritional stress and responded to selection 
resulting from it. 
Nonetheless, we found no evidence for a physiological (plastic) effect of larval malnutrition on 
fluctuating asymmetry in wing traits. Control populations reared on poor food exhibited similar levels 
of fluctuating asymmetry to those reared on standard food, thus rejecting the hypothesis that larval 
malnutrition leads to reduced developmental stability (assessed as increased fluctuating asymmetry), 
at least for the wing size traits we measured. This result parallels other experimental studies in 
Drosophila and other insects which have similarly failed to observe any affect of nutritional stress on 
fluctuating asymmetry of different traits (Arnqvist & Thornhill, 1998; David et al., 1998; Bjorksten et 
al., 2000; Woods et al., 2002; Stige et al., 2004; Vishalakshi & Singh, 2008). However, the variation 
of fluctuating asymmetry is likely to be specific to the trait measured, organism and population 
studied, thus limiting our ability to generalise patterns amongst different studies (Van Dongen, 2006). 
The degree of nutritional stress in our study has been particularly strong; on the poor food the flies 
take 70 % more time to develop and emerge at less than half the size of flies reared on the standard 
food (Kolss et al., 2009). Thus, the severity of the nutritional stress is much greater than the modest 
effect on the means of the wing traits would indicate. It cannot be excluded that particularly 
asymmetric individuals had been lost to mortality before the measurements were taken. Such 
developmental selection has been reported in studies where effects of chemicals like arsenic and lead 
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on fluctuating asymmetry in Drosophila were investigated (Polak, Opoka & Cartwright, 2002; 
Stamenkovic-Radak et al., 2008). Similarly, these particularly asymmetric individuals could have 
taken too long to develop to be included in the measured sample, although this is unlikely because 
developmental time does not seem to correlate with fluctuating asymmetry in Drosophila (Woods et 
al., 1999; Shakarad et al., 2001). It is also possible that wing size and shape are particularly strongly 
buffered against environmental disturbances and genetic changes. Differential effect of environmental 
stress on fluctuating asymmetry of different traits has been reported in some studies (Blanckenhorn, 
Reusch & Muhlhauser, 1998; Woods et al., 1999). With this caveat, and occasional reports on the 
contrary notwithstanding (e.g. Imasheva et al., 1999), the fact that even such a strong stress had no 
measurable effect on fluctuating asymmetry strongly supports the conclusion that in general larval 
nutritional stress in Drosophila has negligible effects on developmental stability, at least to the extent 
that the latter is manifested as fluctuating asymmetry (Van Dongen, 2006).   
More interestingly, we also found no evidence of fluctuating asymmetry changing as a result of over 
80 generations of selection for tolerance to the nutritional stress. (A trend for the selected populations 
to show greater fluctuating asymmetry on poor food than the control populations was entirely caused 
by five abnormally asymmetric individuals.) This is despite the strong and effective selection for both 
survival and fast development on the poor food, which led to a reduction in both body and wing size 
as a correlated response (Kolss et al., 2009; Vijendravarma et al. 2011). It may be argued that in the 
current experiment the effect of adaptation to nutritional stress on fluctuating asymmetry cannot be 
tested, because the fluctuating asymmetry of control populations was not affected by nutritional stress. 
However, the mechanisms proposed to increase fluctuating asymmetry as a result of directional 
selection (reviewed in the Introduction) do not require that the factor of selection has a direct plastic 
effect on fluctuating asymmetry. Our result here is in accordance with a study on D. melanogaster, 
reporting no effect of directional selection for faster development on fluctuating asymmetry (Shakarad 
et al., 2001). However, our result here is in contrast to the increased fluctuating asymmetry observed 
in response to bidirectional selection for body size in D. ananassae (Vishalakshi & Singh, 2009).  
Changes in fluctuating asymmetry have been observed in flies exposed to certain stressors and as 
result of directional selection (Imasheva et al., 1999; Polak et al., 2002; Polak et al., 2004; Vishalakshi 
& Singh, 2008). However, our results, together with those of (Fowler & Whitlock, 1994; Vishalakshi 
& Singh, 2008), do not support the notion that fluctuating asymmetry in general increases as a result 
of plastic response to stress, nor as a result of response to directional selection. Rather, the plastic and 
evolutionary effects on fluctuating asymmetry seem to depend on the type of stress factor, the 
selection regime, trait measured, species and possibly even the population. It is also a possibility that, 
in contrast to what is often assumed, not all differences in developmental stability are reflected in 
fluctuating asymmetry (Van Dongen 2006). 
Acknowledgements 
This work has been supported by the Swiss National Science Foundation. We thank the Cellular 
Imaging Facility of the University of Lausanne and A. Paradis for technical help and the three 
reviewers for their comments. 
Vijendravarma et al.: Fluctuating asymmetry and malnutrition 8
References 
 
Abramoff MD, Magelhaes PJ, Ram SJ. 2004. Image processing with imagej. Biophotonics International 11: 36-
42. 
Arendt JD. 1997. Adaptive intrinsic growth rates: An integration across taxa. Quarterly Review of Biology 72: 
149-177. 
Arnqvist G, Thornhill R. 1998. Evolution of animal genitalia: Patterns of phenotypic and genotypic variation 
and condition dependence of genital and non-genital morphology in water strider (heteroptera : 
Gerridae : Insecta). Genetical Research 71: 193-212. 
Ayres MP, Thomas DL. 1990. Alternative formulations of the mixed-model anova applied to quantitative 
genetics. . Evolution 44: 221-226. 
Badyaev AV, Foresman KR, Fernandes MV. 2000. Stress and developmental stability: Vegetation removal 
causes increased fluctuating asymmetry in shrews. Ecology 81: 336-345. 
Bjorksten T, David P, Pomiankowski A, Fowler K. 2000. Fluctuating asymmetry of sexual and nonsexual traits 
in stalk-eyed flies: A poor indicator of developmental stress and genetic quality. Journal of 
Evolutionary Biology 13: 89-97. 
Black-Samuelsson S, Andersson S. 2003. The effect of nutrient stress on developmental instability in leaves of 
acer platanoides (aceraceae) and betula pendula (betulaceae). American Journal of Botany 90: 1107-
1112. 
Blanckenhorn WU, Reusch T, Muhlhauser C. 1998. Fluctuating asymmetry, body size and sexual selection in 
the dung fly sepsis cynipsea - testing the good genes - assumptions and predictions. Journal of 
Evolutionary Biology 11: 735-753. 
Breuker CJ, Brakefield PM. 2003. Lack of response to selection for lower fluctuating asymmetry of mutant 
eyespots in the butterfly bicyclus anynana. Heredity 91: 17-27. 
Calow P. 1982. Homeostasis and fitness. American Naturalist 120: 416-419. 
Clarke GM, Mckensie JA. 1987. Developmental stability of insecticide resistant phenotypes in blowfly; a result 
of canalizing natural selection. Nature 325: 345-346. 
David P, Hingle A, Greig D, Rutherford A, Pomiankowski A, Fowler K. 1998. Male sexual ornament size but 
not asymmetry reflects condition in stalk-eyed flies. Proceedings of the Royal Society B-Biological 
Sciences 265: 2211-2216. 
Flatt T. 2005. The evolutionary genetics of canalization. Quarterly Review of Biology 80: 287-316. 
Fowler K, Whitlock MC. 1994. Fluctuating asymmetry does not increase with moderate inbreeding in 
drosophila-melanogaster. Heredity 73: 373-376. 
Gavrilets S, Hastings A. 1994. A quantitative-genetic model for selection on developmental noise. Evolution 48: 
1478-1486. 
Gebhardt MD, Stearns SC. 1993. Phenotypic plasticity for life history traits in drosophila melanogaster. I. Effect 
on phenotypic and environmental correlations. . Journal of Evolutionary Biology 6: 1-16. 
Gronkjaer P, Sand MK. 2003. Fluctuating asymmetry and nutritional condition of baltic cod (gadus morhua) 
larvae. Marine Biology 143: 191-197. 
Hermisson J, Wagner GP. 2004. The population genetic theory of hidden variation and genetic robustness. 
Genetics 168: 2271-2284. 
Imasheva AG, Bosenko DV, Bubli OA. 1999. Variation in morphological traits of drosophila melanogaster 
(fruit fly) under nutritional stress. Heredity 82: 187-192. 
Kawecki TJ. 2000. The evolution of genetic canalization under fluctuating selection. Evolution 54: 1-12. 
Kolss M, Vijendravarma RK, Schwaller G, Kawecki TJ. 2009. Life-history consequences of adaptation to larval 
nutritional stress in drosophila. Evolution 63: 2389-2401. 
Leamy L. 1986. Directional selection and developmental stability - evidence from fluctuating asymmetry of 
dental characters in mice. Heredity 57: 381-388. 
Maynard Smith J, Burian R, Kauffman S, Alberch P, Campbell J, Goodwin B, Lande R, Raup D, Wolpert L. 
1985. Developmental constrains and evolution. Quarterly Review of Biology 60: 265-287. 
Nosil P, Reimchen TE. 2001. Tarsal asymmetry, nutritional condition, and survival in water boatmen 
(callicorixa vulnerata). Evolution 55: 712-720. 
Palmer AR, Strobeck C. 1986. Fluctuating asymmetry - measurement, analysis, patterns. Annual Review of 
Ecology and Systematics 17: 391-421. 
Parsons PA. 1992. Fluctuating asymmetry - a biological monitor of environmental and genomic stress. Heredity 
68: 361-364. 
Pelabon C, Hansen TF, Carter AJR, Houle D. 2006. Response of fluctuating and directional asymmetry to 
selection on wing shape in drosophila melanogaster. Journal of Evolutionary Biology 19: 764-776. 
Pertoldi C, Kristensen TN, Andersen DH, Loeschcke V. 2006. Developmental instability as an estimator of 
genetic stress. Heredity 96: 122-127. 
Vijendravarma et al.: Fluctuating asymmetry and malnutrition 9
Polak M, Kroeger DE, Cartwright IL, deLeon CP. 2004. Genotype-specific responses of fluctuating asymmetry 
and of preadult survival to the effects of lead and temperature stress in drosophila melanogaster. 
Environmental Pollution 127: 145-155. 
Polak M, Opoka R, Cartwright IL. 2002. Response of fluctuating asymmetry to arsenic toxicity: Support for the 
developmental selection hypothesis. Environmental Pollution 118: 19-28. 
Pravosudov VV, Kitaysky AS. 2006. Effects of nutritional restrictions during post-hatching development on 
adrenocortical function in western scrub-jays (aphelocoma californica). General and Comparative 
Endocrinology 145: 25-31. 
Rice SH. 1998. The evolution of canalization and the breaking of von baer's laws: Modeling the evolution of 
development with epistasis. Evolution 52: 647-656. 
Scharloo W. 1991. Canalization: Genetic and developmental aspects. Annual Review of Ecology and 
Systematics 22: 65-93. 
Sciulli PW, Doyle WJ, Kelley C, Siegel P, Siegel MI. 1979. Interaction of stressors in the induction of increased 
levels of fluctuating asymmetry in the laboratory rat. American Journal of Physical Anthropology 50: 
279-284. 
Searcy WA, Peters S, Nowicki S. 2004. Effects of early nutrition on growth rate and adult size in song sparrows 
melospiza melodia. Journal of Avian Biology 35: 269-279. 
Shakarad M, Prasad NG, Rajamani M, Joshi A. 2001. Evolution of faster development does not lead to greater 
fluctuating asymmetry of sternopleural bristle number in drosophila. Journal of Genetics 80: 1-7. 
Sillanpaa S, Salminen JP, Eeva T. 2010. Fluctuating asymmetry in great tit nestlings in relation to diet quality, 
calcium availability and pollution exposure. Science of the Total Environment 408: 3303-3309. 
Sokal RR, Rohlf FJ. 1995. Biometry: The principles and practice of statistics in biological research,. W. H. 
Freeman and Company: New York. 
Somarakis S, Kostikas I, Peristeraki N, Tsimenides N. 1997. Fluctuating asymmetry in the otoliths of larval 
anchovy engraulis encrasicolus and the use of developmental instability as an indicator of condition in 
larval fish. Marine Ecology-Progress Series 151: 191-203. 
Soule M. 1967. Phenetics of natural populations .2. Asymmetry and evolution in a lizard. American Naturalist 
101: 141-160. 
Stamenkovic-Radak M, Kalajdzic P, Savic T, Savic M, Kurbalija Z, Rasic G, Andjelkovic M. 2008. The effect 
of lead on fitness components and developmental stability in drosophila subobscura. Acta Biologica 
Hungarica 59: 47-56. 
Stige LC, Hessen DO, Vollestad LA. 2004. Severe food stress has no detectable impact on developmental 
instability in daphnia magna. Oikos 107: 519-530. 
Swaddle JP, Witter MS. 1994. Food, feathers and fluctuating asymmetries. Proceedings of the Royal Society of 
London Series B-Biological Sciences 255: 147-152. 
Van Dongen S. 2006. Fluctuating asymmetry and developmental instability in evolutionary biology: Past, 
present and future. Journal of Evolutionary Biology 19: 1727-1743. 
Van Valen L. 1962. Study of fluctuating asymmetry. Evolution 16: 125-&. 
Vijendravarma RK, Narasimha S, Kawecki TJ. 2011. Plastic and evolutionary responses of cell size and number 
to larval malnutrition in drosophila melanogaster. Journal of Evolutionary Biology. 
Vishalakshi C, Singh BN. 2008. Effect of environmental stress on fluctuating asymmetry in certain 
morphological traits in drosophila ananassae: Nutrition and larval crowding (vol 86, pg 427, 2008). 
Canadian Journal of Zoology-Revue Canadienne De Zoologie 86: 1084-1084. 
Vishalakshi C, Singh BN. 2009. Effect of directional selection for body size on fluctuating asymmetry in certain 
morphological traits in drosophila ananassae. Journal of Biosciences 34: 275-285. 
Waddington CH. 1942. Canalization of development and the inheritance of acquired characters. Nature 150: 
563-565. 
Wagner GP, Booth G, Bagheri-Chaichian H. 1997. A population genetic theory of canalization. Evolution 51: 
329-347. 
Whitlock M. 1996. The heritability of fluctuating asymmetry and the genetic control of developmental stability. 
Proceedings of the Royal Society of London Series B-Biological Sciences 263: 849-853. 
Woods RE, Sgro CM, Hercus MJ, Hoffmann AA. 1999. The association between fluctuating asymmetry, trait 
variability, trait heritability, and stress: A multiply replicated experiment on combined stresses in 
drosophila melanogaster. Evolution 53: 493-505. 
Woods RE, Sgro CM, Hercus MJ, Hoffmann AA. 2002. Fluctuating asymmetry, fecundity and development 
time in drosophila: Is there an association under optimal and stress conditions? Journal of Evolutionary 
Biology 15: 146-157. 
 
Vijendravarma et al.: Fluctuating asymmetry and malnutrition 10
  
 
Figure 1: The four trait measurements. Length A, Length B, Length C and Wing area –measured as 
the area of the polygon traced on the wing (Scale bar =0.5 mm). 
 
 
Figure 2: The average trait values for the five traits (Length A, Length B, Length C, Wing area and 
Ratio A/B) across both selection regimes reared under optimal and stressful conditions. 
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Figure 3: Fluctuating asymmetry measured as (a) FA4 (b) FA6 and (c) FA6 with reduced data (see 
text), for the five traits measured (Length A, Length B, Length C, Wing area and Ratio A/B) across 
both selection regimes reared under optimal and stressful conditions.
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Tables: 
Table 1: Results of the mixed-model ANOVA on the mean trait values for the five traits (Length A, 
Length B, Length C, Wing area and Ratio A/B) across both selection regimes reared under optimal 
and stressful conditions.  
Factors 
 Length A Length B Length C Wing area Ratio A/B 
d.f. F p F p F p F p F p 
Regime 1,10 9.5 0.01 25.5 0.001 17.7 0.002 15.1 0.003 20.6 0.001 
Population[Regime] ® 10,10 1.6 0.2 1.9 0.2 2.1 0.1 2.2 0.1 2.0 0.1 
Food 1,10 4.1 0.07 16.3 0.002 9.7 0.01 9.2 0.01 19.5 0.001 
Regime x Food 1,10 0.8 0.4 0.8 0.4 0.2 0.6 0.5 0.5 0.0 0.9 
Population x Food[Regime] ® 10,24 1.6 0.2 1.6 0.2 1.2 0.3 1.5 0.2 1.9 0.09 
Vial[Regime,Population,Food] ® 24,132 1.3 0.2 1.1 0.3 1.4 0.1 1.1 0.3 1.0 0.5 
®: Random factor 
 
 
Table 2: Results of the mixed-model ANOVA carried out for Log (FA 4) and Log (FA 6) (full and 
censored data) for the five traits (Length A, Length B, Length C, Wing area and Ratio A/B) across 
both selection regimes reared under optimal and stressful conditions. "Reduced data" refer to the data 





 Length A Length B Length C Wing area Ratio A/B 
d.f. F p F p F p F p F p 




10,11 1.40 0.30 0.62 0.77 1.01 0.49 0.67 0.73 1.48 0.26 
 Food 1,11 0.11 0.75 0.01 0.94 0.09 0.77 0.03 0.87 0.26 0.62 




10,11 1.27 0.35 0.61 0.78 0.98 0.51 0.62 0.77 1.39 0.30 
 Food 1,11 0.27 0.62 0.06 0.81 0.20 0.67 0.03 0.87 0.32 0.59 





10,11 1.51 0.26 0.51 0.85 0.45 0.89 0.46 0.88 2.50 0.08 
 Food 1,11 0.01 0.92 0.46 0.51 0.04 0.84 0.01 0.95 0.18 0.68 
®: Random factor 
 
 
 
 
 
 
